1. Introduction {#sec1}
===============

In the previous decade, the avian influenza virus subtypes crossed the species barrier and caused human infections. The upregulation of proinflammatory cytokines and type I IFN genes, and host apoptotic or programmed cell death responses contribute to the pathogenesis of the infection \[[@B1], [@B2]\]. One of the best studied IFN-stimulated genes with anti-influenza virus property is Mx gene. Mx proteins belong to the superfamily of dynamin-like large GTPases identified as a unique marker for the detection of type I and type III IFN activity during virus infections \[[@B3]--[@B5]\]. The proteins were originally identified as factors conferring resistance to influenza A virus infections in human and chickens \[[@B6], [@B7]\]. Many influenza A virus subtypes as well as B virus have been shown to induce apoptosis in a variety of primary cultured cells or cell lines. The viruses trigger apoptosis through intrinsic (mitochondrial/cytochrome c) and extrinsic (death receptor) pathways that involve receptor stimulation, activation of protein kinase/phosphatase cascade, and release of regulatory transcription factors \[[@B2], [@B8], [@B9]\]. Cell culture studies have revealed that some influenza virus proteins are involved in virus-induced apoptosis. Neuraminidase (NA) facilitates the cleavage of latent transforming growth factor (TGF)-*β* into the active form, and PB1-F2 permeabilizes the mitochondrial membrane leading to cytochrome c release \[[@B10]--[@B13]\], while nonstructural protein 1 (NS1) suppresses type I IFN production by multiple mechanisms, including sequestering dsRNA, direct modulation of protein kinase R (PKR) activity, and inhibiting transcription and translation of host antiviral response genes \[[@B14]--[@B17]\]. Although both human and avian influenza viruses NS1 protein can inhibit IFN responses, there is considerable variation among virus strains or subtypes in their ability to induce or suppress type I IFN responses \[[@B18], [@B19]\].

The previous studies found that influenza virus infection causes apoptosis in natural hosts and plays direct and or indirect roles in the pathogenesis of influenza virus by destroying cells \[[@B9], [@B20], [@B21]\]. It has been shown that a variety of host and viral factors are involved in the induction of apoptosis. The highly virulent H5N1 virus-induced apoptosis in mammalian alveolar epithelial cells, spleen lymphocytes, and lung leukocytes infected with the virus and also in chicken cells resulted in the deregulation of adaptive immune responses \[[@B1], [@B22]\]. The low pathogenic H9N2 virus can induce apoptosis in chicken macrophages by the Fas/(FasL)-mediated extrinsic pathway \[[@B23], [@B24]\]. In contrast to H5N1 virus, the regulation mechanisms of host responses against H9N2 virus infection have not been well characterized in human cells. Understanding the pathogenesis of the virus is critical to effectively prevent and limit the degree of infectivity in human populations. In this study, we compared the growth kinetics of H9N2 avian influenza virus in human alveolar lung epithelial as the primary target for viral infection with other human cell lines to understand how these epithelial cells respond to H9N2 virus. The impact of host responses on viral replication was also determined.

2. Materials and Methods {#sec2}
========================

2.1. Cell Lines and Virus Infection {#sec2.1}
-----------------------------------

The IFN-competent human cells include alveolar epithelial cell line A549 (ATCC CCL-185) and cervix carcinoma HeLa (ATCC CCL-2), and noncompetent-IFN hepatocellular carcinoma HepG2 cells (ATCC HB-8065) were maintained in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 *μ*g/mL streptomycin at 37°C in a humidified atmosphere of 5% CO~2~. Avian influenza H9N2 virus, A/Chicken/Iran/SS2/2008 \[[@B25]\], was used in this study. Monolayers of the cells at a concentration of 1 × 10^6^ cells/mL were infected with the virus at a multiplicity of infection (MOI) of 0.1 and 2.0 PFU/cell in the presence of supplemental trypsin. Following adsorption for 1 h at 37°C, the inoculum was removed and washed before DMEM replaced. The cultures were incubated up to 48 hours post infection (hpi) and observed by inverted light microscopy for cytopathic effect (CPE). For each cell, four different sets of tissue culture flask were infected. Mock infected cells served as controls. The virus was titrated before and after infection as described previously \[[@B26]\].

2.2. Cell Viability Assay {#sec2.2}
-------------------------

A549, HepG2, and HeLa cells were infected by H9N2 virus at MOI of 0.1 and 2.0 PFU/cell and culture supernatants obtained at 8 h intervals up to 48 hpi. Cell viability following viral infection was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. In this case, each cell seeded in 96-well culture plates (approximately 5,000 cells per well) incubated with the related culture supernatants. The cells were washed with PBS and incubated with DMEM and 50 *μ*L/well of MTT solution (5 mg/mL) for another 3 h at 37°C. Then, the medium was totally removed, and 200 *μ*L of 0.04 N HCl in isopropanol was added to each well, and the plate was incubated for 1 h at room temperature. Optical density value was measured at 540 nm using an ELISA reader. Cell survival was expressed as the ratio of virus infected to uninfected control. The three independent experiments were performed.

2.3. DNA Fragmentation {#sec2.3}
----------------------

Cell death was evaluated by fragmentation of genomic DNA. Samples of virus-infected cells were centrifuged, and the cell pellet resuspended in 300 mL of cold cell lysis buffer (10 mM Tris, 0.5% Triton X-100 (pH 7.5)) then incubated on ice for 30 min. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatants were extracted once with buffered phenol and once with chloroform. The DNA was precipitated with 300 mM NaCl and ethanol. DNA samples were resuspended in 50 *μ*L of Tris-EDTA buffer (10 mM Tris, 1 mM EDTA (pH 7.5)) treated with RNase A. The extracted DNAs were electrophoresed through a 2% agarose gel and stained with ethidium bromide.

2.4. Fluorescent Microscopy {#sec2.4}
---------------------------

The mock and infected cells were washed twice with PBS and fixed with 4% paraformaldehyde before being stained with Hoechst 33342 (1 mg/mL) for 30 min at 37°C. Stained cells were observed with a fluorescence microscope (Nikon Eclipse E600).

2.5. Western Blotting Analysis {#sec2.5}
------------------------------

The activation of caspase-8 was evaluated by Western blotting following SDS-PAGE. After electrophoresis, proteins were transferred onto a nitrocellulose membrane. The membrane was blocked at room temperature with a blocking reagent (Tris-buffered saline, TBS, containing 5% nonfat milk) for 2 h. Then incubated for 1 h at 4°C with anticaspase-8 antibody (Abcam, UK) and washed three times with TBS containing 0.05% (v/v) Tween-20. The membrane was exposed to HRP-conjugated anti-mouse IgG (Dako, Denmark) second antibody for 1 h, washed four times with gentle shaking, and visualized by TMB (Sigma Aldrich, the Netherland) staining. The same procedure was done for cytochrome c following cell fractionation (Abcam, UK) and using anti-cytochrome c antibody (Abcam, UK).

2.6. Real-Time RT-PCR Analysis of Viral and Host Genes {#sec2.6}
------------------------------------------------------

The mRNA levels of cellular Mx gene and viral NP gene from mock and infected cells at different MOI and various times after infection were analyzed by one-step quantitative RT-PCR. Reactions were conducted in duplicate and carried out for 30 cycles with the thermal profile stage 1: 50°C for 30 min; stage 2: 95°C for 15 min; stage 3: 94°C for 15 sec, 55°C for 30 sec; and 72°C for 30 sec. The relative expressions (threshold cycle (Ct) values) were normalized using the housekeeping gene *β*-actin as internal control. Reactions were repeated three times for each sample, and standard deviations were calculated. The primer sequences used in this study are listed as follows:

MxF: 5′-TTCAGCACCTGATGGCCTATC-3′ and MxR: 5′-TGGATGATCAAAGGGATGTGG-3′, NPF: 5′-ACTCAGCGACCAAGAAGGAA-3′ and NPR: 5′-CAGCAGTTGCATCTTCTCCA-3′, and *β*-actinF: 5′-TGCTGTGTTCCCATCTATCG-3′ and *β*-actinR: 5′-TTGGTGACAATACCGTGTTCA-3′.

2.7. Statistical Analysis {#sec2.7}
-------------------------

The data are expressed as mean ± SD. Statistical correlation of data was checked for significance by ANOVA and Student\'s *t* test. Differences with *P* \< 0.05 were considered significant.

3. Results {#sec3}
==========

To study the cytopathogenicity of human cells to an avian H9N2 virus, A549, HepG2, and HeLa cells were infected at MOI 0.1 and 2.0, although the marked CPEs were evident 16 hpi for A549 cells infected at higher MOI which increased with time. At 24 hpi, approximately half of the infected cells appeared smaller and irregularly shaped compared to mock cells. The virus did not affect the CPE at MOI 0.1 ([Figure 1](#fig1){ref-type="fig"}). Infection of HepG2 cells by H9N2 virus caused a fast CPE especially at MOI 2.0 and a rapid fall in pH of cell suspension. The granular and fragmented cells became obvious within 24 to 48 hpi. In contrast, infected HeLa cells showed a similar pattern of virus replication at both MOIs, and the rate increased slightly from 24, to 48 hpi. The infectious viruses were titrated by plaque assay at 16, 24 and 48 hpi. Higher viral titers were observed in infected HepG2 cells, and the peak of titer reached at 48 hpi; however, statistical differences were not observed between HepG2 and A549 cells at MOI 2.0. The mean peak titers of the virus in these cells reached 4.52 and 4.47 PFU/mL, respectively. The infected HeLa cells showed a lower viral titer (3.96 PFU/mL) which remained constant until 48 hpi at both MOIs. In addition, development of countable plaques required more days of incubation for HeLa than other cells indicating lower susceptibility of the cell to H9N2 replication.

MTT assays were performed with different MOI of H9N2 virus at 8 h interval exposure times in A549, HepG2, and HeLa cells. As shown in [Figure 2](#fig2){ref-type="fig"}, the results for HeLa cells indicated that the virus had no effect on the amount of viable cells. The cell viability was decreased with the increase in virus MOI in A549 and HepG2 cells. Compared with mock and infected A549 cells at MOI 0.1, the H9N2-infected A549 cells at higher MOI showed significantly cell death confirming the DNA fragmentation and nuclear condensation results. A detectable DNA laddering in the virus-infected cells appeared by 16 hpi at MOI 2.0 ([Figure 3(a)](#fig3){ref-type="fig"}). This pattern significantly progressed at 48 hpi. The H9N2-infected A549 cells demonstrated nuclear condensation, which can be detected by Hoechst staining. As illustrated in [Figure 3(b)](#fig3){ref-type="fig"}, the infected A549 cells undergoing apoptosis exhibited some cells with fragmented nuclei. The virus mainly caused cell death in HepG2 cells; however, neither smeared nor laddered DNA was detected in infected HepG2 and HeLa cells up to 48 hpi (data not shown). Therefore, it seems that H9N2 virus induced apoptosis in A549 cells in dose- and time-dependent manner. Activated caspase-8 is able to cleave additional downstream caspases and also activate Bid, a proapoptotic member of the Bcl-2 proteins resulted in an efflux of cytochrome cinto the cytoplasm \[[@B37]\]. To determine whether the death receptor or mitochondrial pathways modulated apoptosis, samples from the infected cells were analyzed for the release of cytochrome c ([Figure 4](#fig4){ref-type="fig"}). The presence of a band with molecular mass 55 kDa was detected in mock and nonapoptotic cells indicating low level or undetectable caspase-8 activities in these cells. A dose- and time-dependent activation of caspase-8 protein was observed in H9N2-infected A549 cells. The viral infection at higher MOI induced cleavage of procaspase-8 into intermediate p41--43 at the earlier stage of infection (24 hpi) followed by activation to its p18 active form shown at 48 hpi using an antibody directed against the N-terminal fragment of this protein. The cytosolic cytochrome c was detected at 24 hpi in infected A549 cells, and the levels of cytochrome c release increased corresponding to the severity of CPE and the number of death cells. These results suggested that H9N2 infection triggers the death receptor and mitochondrial apoptotic pathways in human alveolar cells. Caspase-8 protein activation was not detected in H9N2-infected HeLa and HepG2 cells; however the cell viability was significantly lower in HepG2 than A549-infected cells ([Figure 2](#fig2){ref-type="fig"}).

The replication rate of avian H9N2 virus in human cells was evaluated by quantitative RT-PCR ([Table 1](#tab1){ref-type="table"}). The kinetic replication of NP gene in infected cells was similar to the virus titration results. H9N2 infection induced a rapid increase in the levels of NP gene in A549 and HepG2 cells. There were not any significant differences in the transcription levels of the gene in H9N2-infected cells. However, different regulation levels of Mx protein were observed. In A549 cells, expression of Mx was upregulated at 16 hpi which reached to maximal level at 24 hpi compared with mock cells; however, at higher dose of virus, a weaker Mx expression was detected. Mx mRNA showed similar pattern of induction peaking on 24 hpi and decreasing by 48 hpi in HeLa cells at both infectious doses. Mx mRNA expression for HepG2 cells was undetectable or very low in response to H9N2 infection.

4. Discussion {#sec4}
=============

Avian influenza viruses cause respiratory disease with substantial morbidity and mortality in human and animal species. The viruses replicate primarily in the epithelial cells of lung and intestines then spread to resident macrophages and recruited type II monocytes. Early innate immune responses mediated by proinflammatory chemokines and cytokines may limit viral spread from the upper respiratory tract to the alveolar air space especially during infections with highly pathogenic viruses \[[@B27]\]. Little is known about human response patterns to low pathogenic avian H9N2 viruses. Isolation of H9N2 viruses which prefer to bind to human sialic acid receptors and detection of antibodies in poultry workers \[[@B28]\] indicate that the virus is capable of infecting human populations. In this study, we analyzed whether the severity of H9N2 infection differed in modulating programmed cell death in human cell cultures. The capacity of human cells to become infected with H9N2 avian influenza virus was determined by assessment of viral and cellular factors. Both A549 and HepG2 cells supported the replication of the virus, but HepG2 cell showed a faster CPE. The evident may be due to the protease activity of these cells on HA precursor (HA0) cascade. Cleavage of HA a cell-associated process mediated by cellular proteases required membrane fusion and replication of influenza viruses. Böttcher et al. \[[@B29]\] have demonstrated that the type II transmembrane serine proteases (TMPRSS) expressed in human airways cleaves the HA protein of H3N2 influenza virus. The TMPRSS2 could activate the monobasic cleavage site of the H9N2 virus and support its replication in A549 cells \[[@B30]\]. In a similar manner, the high permissivity of HepG2 cells for human influenza viruses resulted in marked CPE has been related to the expression of plasmin, a trypsin-like protease known to activate HA0 \[[@B31]\] to sufficient viral fusion. The enhanced entry of virus to host cells enables viruses to replicate before the cellular IFN response becomes fully activated. H9N2 virus infection appeared to cause nonapoptotic death in HepG2 cells, and detection of this process is of interest and remains to be studied further.

To compare differences in H9N2 infectivity, infectious viruses were evaluated by virus titration as well as real-time RT-PCR. Higher viral titers were observed in infected A549 cell which correlate with high baseline level of NP gene in the infected cell. At 24 hpi, the NP transcription levels and also viral titers were increased in the H9N2-infected A549 cells. In order to create beneficial conditions for viral replication and viral proteins expression, influenza viruses are able to elicit an arrest in G0/G1 phase of the host cell cycle \[[@B32]\] at low MOI mainly through interfering of NS1 protein with the RhoA/pRb signalling cascade \[[@B33]\]. The cell cycle arrest and also induced antiapoptotic signaling by influenza virus at early and middle phases of infection prevent host cell from fast death \[[@B32], [@B34]\]. This prevention strategy should be beneficial for the efficient viral transcription, translation, and assembly, but higher dose of H9N2-infected A549 cells showed apoptotic responses at early stage of infection verified by DNA fragmentation and fluorescence staining. It seems that H9N2 virus was induced apoptosis in A549 cells in a dose-dependent manner. At least three influenza virus proteins, NA, NS1, and PB1-F2, have been related to induction of apoptosis. To understand which pathways are triggered apoptosis, we examined the activation of caspase-8 and efflux of cytochrome c in the infected cells. Caspase-8 protein has an important role as an upstream initiator caspase during death receptor-mediated apoptosis \[[@B35], [@B36]\]. It has been suggested that the death receptor pathway potentiates the mitochondrial pathway by triggering cytochrome c release through caspase-8-cleaved Bid protein \[[@B37]\]. In our study, the presence of unprocessed procaspase-8 protein might explain HepG2 and HeLa cell resistance to H9N2-induced apoptosis which may be due to suboptimal capacity to the activation of the protein in these cells. At low dose of virus, A549 cells are relatively resistant to influenza-induced cell death early in infection, but the cells showed apoptosis at higher viral dose. The efflux of cytochrome c in cytosol of infected cells reveals the PB1-F2 role in inducing apoptosis by interaction with permeability-transition pore complex formation \[[@B38]\]. Caspases contain a cysteine residue at the active site and cleave substrates at specific tetrapeptide sites with a highly conserved aspartic acid (D) at the P1 position \[[@B39]\]. It has been previously shown that NS1 protein of H7N1 avian influenza virus possesses caspase cleavage motifs LDID~55~/T and DESD~74~/E \[[@B40]\]. In this study, we used CASVM web server for support vector machine-based prediction of caspase substrates cleavage sites \[[@B41]\]. More variations were found in the tetrapeptide subsequences which were predicted to be cleavage sites by the algorithm especially for avian isolates. For example, EESD~4~, YLTD~22~, DRLD~72~, TEED~105~, and SNED~139~ motifs were introduced as potential cleavage sites in H9N2 viruses isolated from Asia during 1997--2012. Amongst the predicted sites, the E(R)ESD~4~/E sequence was conserved in H9N2 viruses isolated from human and avian species. The contributions of the different caspase cleavage sites of NS1 to affect its anti-IFN responses, involve in cellular signal transduction, and block cellular mRNA processing remained under question. Based on the role of NS1 protein, we suggest that the existence of subtype-specific differences in caspase cleavage sits may modulate immunopathogenesis during the H9N2 influenza infection process in target cells.

Our study also showed that the considerable Mx expression was found in H9N2-infected A549 and HeLa cells at low dose of the virus. Mx mRNAs were induced in the infected A549 cells in a dose-dependent manner, correlating with the replication of H9N2 virus in the cell. Activation of the cellular antiviral defense by Mx expression decreases virus replication at early time of infection which had not significant impact on final virus titers. The result suggests a role for IFN response in the replication of H9N2 virus that may provide some degree of host resistance in the early stages of infection. In contrast to HepG2, the A549 and HeLa cells are IFN-competent cells, and Mx is upregulated in these cells while the protein is either downregulated or even undetectable in HepG2 cell in response to H9N2 infection. Thus, an insufficient antiviral defense in HepG2 cells promotes efficient H9N2 virus replication which is controlled in part by the IFN response. Taken together, the results demonstrated that the permissivity of noncompetent-IFN HepG2 cells for H9N2 influenza virus is comparable with A549 cells; however, liver cells are not target tissue respond to the infection. These data revealed that the sensitivity of human alveolar epithelial cells to avian H9N2 induced apoptosis signaling via the death receptor and mitochondrial pathways in parallel, and the induction was associated with viral infection in a dose-dependent manner.

![Cytopathogenicity of human A549, HeLa, and HepG2 HeLa cells to an avian H9N2 virus infection at 24 and 48 hours after infection (100x magnification).](BMRI2013-524165.001){#fig1}

![Effects of H9N2 influenza virus infection (MOI 2.0) on viability of HeLa, HepG2, and A549 cells were determined by MTT assay. The ∗ indicates significant differences (*P* \< 0.05) from the mock cells at the same time after infection.](BMRI2013-524165.002){#fig2}

![H9N2 virus induces apoptosis in A549 cells at MOI 2.0. (a) Chromosomal DNA fragmentation. DNAs were prepared from A549 cells infected with virus at 8 h intervals and separated by 2% agarose gel electrophoresis, followed by staining with ethidium bromide. (b) Nuclear staining of the infected cells with Hoechst; arrows indicate apoptotic cells.](BMRI2013-524165.003){#fig3}

![Caspase-8 and cytochrome c expression in HeLa, HepG2, and A549 cells following infection with H9N2 influenza virus at MOI 2.0 was assessed by Western blotting. Caspase-8 initiated caspase activation cascade in infected-A549 cells and triggered cytochrome c release through apoptosis via mitochondrial pathway by 24 hpi. *β*-actin was used as a control.](BMRI2013-524165.004){#fig4}

###### 

Viral and cellular genes expression levels in response to H9N2 influenza virus of A549, HeLa, and HepG2 cells evaluated by quantitative RT-PCR at the indicated time point. Ct values were determined for viral NP, Mx, and *β*-actin genes.

            Mx      *β*-actin   NP                      
  --------- ------- ----------- ------- ------- ------- -------
  A549                                                   
   16 hpi   19.46   18.15       17.82   17.76   20.85   20.90
   24 hpi   24.93   20.27       17.96   17.93   25.72   25.75
   36 hpi   22.76   20.03       18.07   18.01   28.84   28.53
   48 hpi   21.89   19.68       18.15   18.22   28.28   28.11
  HeLa                                                   
   16 hpi   16.72   16.56       17.74   17.72   19.82   19.77
   24 hpi   20.53   20.82       17.83   17.76   21.90   21.80
   36 hpi   18.86   18.94       18.21   18.24   23.57   23.64
   48 hpi   19.02   18.17       18.20   18.17   24.03   23.92
  HepG2                                                  
   16 hpi   ---\*   ---         17.85   17.91   21.02   20.94
   24 hpi   ---     ---         17.74   17.86   25.64   25.37
   36 hpi   ---     ---         18.65   18.57   28.43   28.68
   48 hpi   ---     ---         18.42   18.44   28.12   28.44

\*Undetectable or very low expression level.
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